Abstract: This paper describes a short-stroke Lorentz-force-driven planar motor which can realize three-degree-of-freedom motions in high-precision positioning systems. It is an extended version of our previous publication. Based on the analytical model, the force expression concerning the main dimensional parameters is derived. Compared with the finite element simulation, the optimization method in this paper is completely based on the mathematical model, which saves considerable time and has clear physical meaning. The effect of the main parameters on the motor performances such as force, force density, and acceleration are analyzed. This information can provide important design references for researchers. Finally, one prototype is tested. The testing values for the resistance and inductance of the square coil agree well with the analytical values. Additionally, the measured forces show a good agreement with the analytical force expression, and the force characteristics show a good symmetry in the x and y directions.
Introduction
In modern high-end manufacturing or testing equipment, such as a wafer stage in a lithography machine, micro/nano positioning platform, and scanning probe microscope, the requirements of the high-precision multi-degree-of-freedom actuating elements are increasing [1] [2] [3] [4] [5] [6] . Generally, there are three conventional methods to realize multi-degree-of-freedom positioning motions. The first method is the flexure hinge mechanism driven by piezoelectric ceramics [7] [8] [9] . The second method is to use multiple rotary motors and the corresponding transmission mechanism. The third method is to use multiple linear motors [10, 11] . Although the multi-degree-of-freedom motions can be realized using these methods, there are some inevitable defects. For the flexure hinge mechanism and piezoelectric ceramics, it is easy to achieve integral structure and low power loss. However, the damping, micron-grade stroke of the flexure hinge and the hysteresis, non-linear characteristics of the piezoelectric ceramics will limit the performance improvement. For the rotary motor systems, the friction, backlash, and deformation of the transmission mechanism will degrade the positioning accuracy. Additionally, the additional mass of the transmission mechanism is a bottleneck to improve the dynamic performance. For linear motor systems, the positioning accuracy and the dynamic performance is improved due to removal of the transmission chain. However, it still cannot get rid of the mode of superposing low dimensional motions into a high dimensional motion. The bottom motor has to support the top motor. Additionally, a large number of mechanical components leads to a complex structure, which is adverse to further improving the positioning accuracy.
In the last two decades, planar motors brought about a novel and practical solution for industry, and they have been continually receiving more and more attention. A planar motor is a type of motor that can realize planar motion with only one moving part. Planar motors have the features of two-degree-of-freedom (2-D) direct drive, high response, high structural strength, and simple system The features of the short-stroke planar motor are as follows:

The working principle is the same as voice coil motors, which is based on the Lorentz force. Compared with three-phase planar motors, with the proposed motor it is easier to achieve highprecision positioning.  There is no electrical connection and cable disturbance in the moving parts due to the movingmagnet scheme. Additionally, the temperature rise of the motor can be easily controlled because the heat source is in the stator.  There is no cogging force and force ripple for this slotless motor with air-core coils, which is beneficial for servo performance improvement. Appl. Sci. 2017, 7, 7 3 of 15 very important references for this type of motor. Finally, based on the optimization results, reasonable ranges for the main parameters are given, which can balance the force, the force density, and the acceleration for the proposed planar motor.
Structure and Working Principle
The proposed short-stroke Lorentz-force-driven planar motor, shown in Figure 1 , has a movingmagnet scheme, in which the magnet part is the mover (secondary) and the coil part is the stator (primary). The primary is composed of an array of coils, and the secondary is composed of permanent magnets and two back-irons. The four square coils in the primary are controlled by four separate controllers. Compared with round-shaped coils, the effective edges of the square coils in the magnetic field can be fully used, which increases the force level. Actually, the proposed planar motor is combined by four Lorentz-force-driven units. The motor can realize three-degree-of-freedom motion through controlling the current combination of the four driving units. As shown in Figure 2 , the Lorentz-force-driven unit consists of three parts: upper magnets, lower magnets, and one square coil. The double-sided structure is adopted to increase the air-gap magnetic field. The features of the short-stroke planar motor are as follows:

The working principle is the same as voice coil motors, which is based on the Lorentz force. Compared with three-phase planar motors, with the proposed motor it is easier to achieve highprecision positioning.  There is no electrical connection and cable disturbance in the moving parts due to the movingmagnet scheme. Additionally, the temperature rise of the motor can be easily controlled because the heat source is in the stator.  There is no cogging force and force ripple for this slotless motor with air-core coils, which is beneficial for servo performance improvement. The features of the short-stroke planar motor are as follows:
• The working principle is the same as voice coil motors, which is based on the Lorentz force. Compared with three-phase planar motors, with the proposed motor it is easier to achieve high-precision positioning.
•
There is no electrical connection and cable disturbance in the moving parts due to the moving-magnet scheme. Additionally, the temperature rise of the motor can be easily controlled because the heat source is in the stator.
There is no cogging force and force ripple for this slotless motor with air-core coils, which is beneficial for servo performance improvement. The Lorentz-force-driven unit can be seen as a linear voice coil motor with one square coil. According to the principle of Lorentz force, a force will be generated once an energized conductor is put in the magnetic field. The amplitude and direction of the force is decided by the magnetic flux density, conductor current, and their directions. The Lorentz force equation is written as
where N, I, L, and B are the number of turns, current, conductor length, and magnetic flux density, respectively. When the magnetic flux density and the conductor are orthogonal, Equation (1) can be written, in the scalar form, as
Upon considering Equation (2), the motor force is dependent on the parameters of the coils and the magnetic field. Due to the correlative relations among different parameters, the optimization design should be taken to achieve the optimal performance of the motor. When conductors move in the magnetic field, the back EMF (Electromotive Force) will be generated, which is in direct proportion to the moving velocity. The power should provide enough current to meet the force target, and conquer the back EMF and the leakage inductance simultaneously. The back EMF equation is written as
where v is the moving velocity. Figure 3 shows the working principle of the Lorentz-force-driven planar motor. The colors (or the stripe in the black-white version) represent the current directions. The blue one (horizontal stripe) represents anticlockwise current, and the red one (slant stripe) represents clockwise current. The arrows represent the force acting on each Lorentz-force-driven unit. Through different force combinations, the planar motor can move in the x, y axis and rotate about the z axis within a small angle. The Lorentz-force-driven unit can be seen as a linear voice coil motor with one square coil. According to the principle of Lorentz force, a force will be generated once an energized conductor is put in the magnetic field. The amplitude and direction of the force is decided by the magnetic flux density, conductor current, and their directions. The Lorentz force equation is written as
where v is the moving velocity. Figure 3 shows the working principle of the Lorentz-force-driven planar motor. The colors (or the stripe in the black-white version) represent the current directions. The blue one (horizontal stripe) represents anticlockwise current, and the red one (slant stripe) represents clockwise current. The arrows represent the force acting on each Lorentz-force-driven unit. Through different force combinations, the planar motor can move in the x, y axis and rotate about the z axis within a small angle.
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Modeling and Design Optimization

Magnetic Field and Electromagnetic Force Expression
For the planar motors to be applied in high-precision positioning systems, it is critical to build an accurate mathematical model. Through the model, the main motor parameters can be further optimized. Additionally, excellent control is based on an accurate model. Therefore, modeling is the basis for the motor analysis and optimization.
According to the equivalent magnetic charge method [25, 26] , a cubic permanent magnet can be represented by two charge surfaces, and the surface density of the magnetic charge is 
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Magnetic Field and Electromagnetic Force Expression
According to the equivalent magnetic charge method [25, 26] , a cubic permanent magnet can be represented by two charge surfaces, and the surface density of the magnetic charge is
where µ 0 is the vacuum permeability and M r is the magnetization intensity. The expression of the magnetic field intensity can be written as
where a r is the unit vector from the field source point to the observation point and r is the distance from the field source point to the observation point, as shown in Figure 4 .
where μ0 is the vacuum permeability and Mr is the magnetization intensity. The expression of the magnetic field intensity can be written as
where ar is the unit vector from the field source point to the observation point and r is the distance from the field source point to the observation point, as shown in Figure 4 . The z-axis component of the magnetic field intensity for one charge surface can be expressed as
where x0, y0 are the coordinates of the field source point and 2a, 2b are the length and width of the permanent magnet, respectively. The final magnetic flux density expression of one cubic magnet can be derived as
where hM is the thickness of permanent magnet. Due to the existence of double-sided ferromagnetic boundaries, the air-gap magnetic field is not entirely decided by the permanent magnets. Using the image method, superposition principle, and coordinates transformation, the magnetic field expression generated by a couple of magnets under two parallel ferromagnetic boundaries can be derived as
where Bz, original is the magnetic field of original charge and Bz, image is the magnetic field of image charge. The proposed planar motor is a short-stroke motor, and the working range is about ±2 mm. To simplify the model, the complex magnetic flux density expression can be represented by the amplitude of the magnetic flux density due to the short stroke. The expression of the magnetic flux density amplitude can be derived as The z-axis component of the magnetic field intensity for one charge surface can be expressed as
where x 0 , y 0 are the coordinates of the field source point and 2a, 2b are the length and width of the permanent magnet, respectively. The final magnetic flux density expression of one cubic magnet can be derived as
where h M is the thickness of permanent magnet. Due to the existence of double-sided ferromagnetic boundaries, the air-gap magnetic field is not entirely decided by the permanent magnets. Using the image method, superposition principle, and coordinates transformation, the magnetic field expression generated by a couple of magnets under two parallel ferromagnetic boundaries can be derived as
where B z, original is the magnetic field of original charge and B z, image is the magnetic field of image charge. The proposed planar motor is a short-stroke motor, and the working range is about ±2 mm. To simplify the model, the complex magnetic flux density expression can be represented by the amplitude of the magnetic flux density due to the short stroke. The expression of the magnetic flux density amplitude can be derived as
where λ and γ are two main parameters relating to the motor size, the expressions of λ and γ are as follows,
where τ is the pole pitch of the planar motor, as shown is Figure 2 , and h is the distance between the upper and lower magnet (i.e., the total thickness of the primary plus two mechanical air gaps). As shown in Figure 2 , the square magnets are adopted to guarantee the symmetry of the proposed planar motor. Therefore, the magnet sizes can be fully described only by the pole pitch (τ) and the magnet thickness (h M ). Actually, the pole pitch is twice of the length/width of the square magnet (i.e., τ = 4a = 4b).
Once we have obtained the magnetic flux density, we can derive the force expression of the planar motor based on Equation (2) . As shown in Figure 3 , there are always eight effective sides of the coils which are orthogonal to the moving direction when the motor moves either in the x direction or y direction. Therefore, the force expression is modified to
where l ef is the effective length of coil side and can be expressed as
where α i is the pole-arc coefficient. For the proposed planar motor, which is used in the high-accuracy, high-dynamic systems, a high force level is always required to guarantee the dynamic performance. In general, a large value of h is adopted to provide more space for the coils and to increase the force level. Compared with h, the length of mechanical air-gap is negligible. Therefore, the ampere-turns in Equation (14) can be approximated as
where J c is the current density of coil cross section and w c is the width of coil, which can be expressed as
where C fw is the flat top width coefficient. C fw is defined as the ratio between the width range (W) in which the magnetic flux density B is higher than 0.9B max and the pole pitch (i.e., C fw = W/τ). Substituting Equations (10) and (15)- (17) into Equation (14), the force expression relating to the main parameters of the planar motor can be derived as
Optimization Design
Motor force
In Equation (18) , the motor force is in direct proportional to τ 2 h, which reflects the motor volume. In other words, the motor force is decided by the parameters of λ and γ when the motor volume remains constant. As a planar positioning device, the structural stability is important. Therefore, the motor height is always restricted to lower the center of mass. The specific influence of λ and γ on the motor force is analyzed in this part on the condition that the motor height is constant.
Assuming that the motor height is constant, the sum of the magnet height (h M ) and the distance between the upper and lower magnet (h) is invariable. The parameter h decreases with the increase of parameter h M . Although the force increases with the increase of h M , it will gradually decrease due to the reduction of the effective conductor region. Figure 5 shows the side view of an effective coil side and the corresponding magnets. The total height of the motor can be written as 18) , the motor force is in direct proportional to τ 2 h, which reflects the motor volume. In other words, the motor force is decided by the parameters of λ and γ when the motor volume remains constant. As a planar positioning device, the structural stability is important. Therefore, the motor height is always restricted to lower the center of mass. The specific influence of λ and γ on the motor force is analyzed in this part on the condition that the motor height is constant.
Assuming that the motor height is constant, the sum of the magnet height (hM) and the distance between the upper and lower magnet (h) is invariable. The parameter h decreases with the increase of parameter hM. Although the force increases with the increase of hM, it will gradually decrease due to the reduction of the effective conductor region. Figure 5 shows the side view of an effective coil side and the corresponding magnets. The total height of the motor can be written as Figure 5 . Side view of one coil and its relating permanent magnets. Figure 6 shows the force characteristic versus parameter γ. In Figure 6a , the pole pitch remains unchanged. As the motor height increases, the force basically shows a linear increase trend. Additionally, the optimal value of γ in which the force reaches a maximum is always around 0.5. That is to say, the planar motor force increases with the increase of the motor height when the parameter γ is constant and the pole pitch τ equals 50 mm. Additionally, the planar motor force reaches the maximum value when the parameter γ equals 0.5. To see whether the optimal value of γ is universal or not, it needs to be verified by considering the effect of the pole pitch. Figure 6b shows the force characteristic versus parameter γ with different pole pitches when the total height remains unchanged. It can be seen that the force increases with the increase of the pole pitch, and the optimal value of γ is always around 0.5 no matter what value the pole pitch is. Therefore, the pole pitch can only have an effect on the force, but it cannot affect the optimal value of γ. Figure 6 shows the force characteristic versus parameter γ. In Figure 6a , the pole pitch remains unchanged. As the motor height increases, the force basically shows a linear increase trend. Additionally, the optimal value of γ in which the force reaches a maximum is always around 0.5. That is to say, the planar motor force increases with the increase of the motor height when the parameter γ is constant and the pole pitch τ equals 50 mm. Additionally, the planar motor force reaches the maximum value when the parameter γ equals 0.5. To see whether the optimal value of γ is universal or not, it needs to be verified by considering the effect of the pole pitch. Figure 6b shows the force characteristic versus parameter γ with different pole pitches when the total height remains unchanged. It can be seen that the force increases with the increase of the pole pitch, and the optimal value of γ is always around 0.5 no matter what value the pole pitch is. Therefore, the pole pitch can only have an effect on the force, but it cannot affect the optimal value of γ.
Optimization Design
In other words, the motor force is decided by the parameters of λ and γ when the motor volume remains constant. As a planar positioning device, the structural stability is important. Therefore, the motor height is always restricted to lower the center of mass. The specific influence of λ and γ on the motor force is analyzed in this part on the condition that the motor height is constant.
Assuming that the motor height is constant, the sum of the magnet height (hM) and the distance between the upper and lower magnet (h) is invariable. The parameter h decreases with the increase of parameter hM. Although the force increases with the increase of hM, it will gradually decrease due to the reduction of the effective conductor region. Figure 5 shows the side view of an effective coil side and the corresponding magnets. The total height of the motor can be written as Figure 5 . Side view of one coil and its relating permanent magnets. Figure 6 shows the force characteristic versus parameter γ. In Figure 6a , the pole pitch remains unchanged. As the motor height increases, the force basically shows a linear increase trend. Additionally, the optimal value of γ in which the force reaches a maximum is always around 0.5. That is to say, the planar motor force increases with the increase of the motor height when the parameter γ is constant and the pole pitch τ equals 50 mm. Additionally, the planar motor force reaches the maximum value when the parameter γ equals 0.5. To see whether the optimal value of γ is universal or not, it needs to be verified by considering the effect of the pole pitch. Figure 6b shows the force characteristic versus parameter γ with different pole pitches when the total height remains unchanged. It can be seen that the force increases with the increase of the pole pitch, and the optimal value of γ is always around 0.5 no matter what value the pole pitch is. Therefore, the pole pitch can only have an effect on the force, but it cannot affect the optimal value of γ. 
Force Density
As a type of short-stroke planar motor, it needs to generate forces as high as possible with a smallest volume (i.e., to achieve an optimal force density). The definition of the force density is the ratio between motor force and volume, which can be written as
where V is the volume of the motor. To obtain the analytical force density expression, the volume expression is required. The top and side view of the planar motor is shown in Figure 7 , and the motor volume, ignoring the back irons, can be obtained as
Substituting Equations (18) and (21) into Equation (20) , the force density expression of the planar motor can be derived as
where K G is the force density coefficient.
Substituting Equations (18) and (21) into (20), the force density expression of the planar motor can be derived as
where KG is the force density coefficient. As shown in Equation (22), the force density of the planar motor mainly depends on the main parameters γ and λ due to the small variation range of the coefficient KG. Figure 8 shows the force density characteristics versus parameters γ and λ, in which the force density variation trend can be found.
In Figure 8a , when the parameter λ is invariant, the force density increases first and then decreases with the increase of parameter γ. There is an optimal value of γ between 0.2 and 0.5. The reason is that, increasing the magnet thickness can increase the air-gap magnetic field and the force, but it also inevitably increases the motor volume. When the value of γ is small, the magnetic field is more sensitive to the magnet thickness rather than the volume, so the force density increases with the increase of γ. However, the force increment will be less than the volume increment when the magnet thickness increases to a certain value, because the force tends to saturate and the volume still increases As shown in Equation (22), the force density of the planar motor mainly depends on the main parameters γ and λ due to the small variation range of the coefficient K G . Figure 8 shows the force density characteristics versus parameters γ and λ, in which the force density variation trend can be found. linearly. Additionally, it can be found that the force density increases with the increase of parameter λ. In Figure 8b , the force density characteristic with the parameter λ is shown. The force density increases with the increase of parameter λ when the parameter γ is invariant, but the increasing trend gradually becomes saturated. In other words, the force density depends on the shape of the planar motor. The force density is higher in a flat shape than in a high-vertical shape. To obtain the optimal parameters for a maximum force density, the follow equation must be satisfied In Figure 8a , when the parameter λ is invariant, the force density increases first and then decreases with the increase of parameter γ. There is an optimal value of γ between 0.2 and 0.5. The reason is that, increasing the magnet thickness can increase the air-gap magnetic field and the force, but it also inevitably increases the motor volume. When the value of γ is small, the magnetic field is more sensitive to the magnet thickness rather than the volume, so the force density increases with the increase of γ. However, the force increment will be less than the volume increment when the magnet thickness increases to a certain value, because the force tends to saturate and the volume still increases linearly. Additionally, it can be found that the force density increases with the increase of parameter λ.
In Figure 8b , the force density characteristic with the parameter λ is shown. The force density increases with the increase of parameter λ when the parameter γ is invariant, but the increasing trend gradually becomes saturated. In other words, the force density depends on the shape of the planar motor. The force density is higher in a flat shape than in a high-vertical shape. To obtain the optimal parameters for a maximum force density, the follow equation must be satisfied
Acceleration
For the moving-magnet actuators, the mass of magnets is a major proportion of the total moving mass. Although increasing the quantity of magnets can increase the motor force, it obviously will also increase the moving mass and reduce the dynamic performance of the motor. Therefore, the acceleration can be seen as a main optimization criterion for the proposed planar motor.
Basically, most of the three-degree-of-freedom planar motors are expected to be supported by air bearings. Ignoring the mechanical friction, the equation of acceleration can be written as
where m is the mass of mover. According to Figure 7 , the equation for the mover mass is
where ρ M and V M are the density and volume, respectively, for one magnet, and ρ j and V j are the density and volume, respectively, for one back iron. The equations of V M and V j are as follows
where h j is the thickness of back iron. Based on magnetic circuit method, the thickness of back iron can be derived as
where σ 0 is the no-load leakage flux coefficient, B r is the remanence of magnet, B j is the magnetic flux density of back iron, and K s is the saturation coefficient. Substituting Equations (18) and (25) into Equation (24), the acceleration expression relating to the main parameters of the planar motor can be derived as
(29) Figure 9 shows the acceleration characteristic versus parameters γ and λ. In Figure 9a , when the parameter λ is invariant, the acceleration decreases with the increase of parameter γ. Additionally, the decreasing trend is obvious when γ < 0.5. In Figure 9b , when the parameter γ is invariant, the acceleration increases first and then decreases with the increase of parameter λ. There is an optimal value of λ around 3 at which the acceleration reaches the maximum value. To obtain the optimal parameters for a maximum acceleration, the follow equation must be satisfied ∂a ∂λ = 0 (30) (18) and (25) into Equation (24), the acceleration expression relating to the main parameters of the planar motor can be derived as
(29) Figure 9 shows the acceleration characteristic versus parameters γ and λ. In Figure 9a , when the parameter λ is invariant, the acceleration decreases with the increase of parameter γ. Additionally, the decreasing trend is obvious when γ < 0.5. In Figure 9b , when the parameter γ is invariant, the acceleration increases first and then decreases with the increase of parameter λ. There is an optimal value of λ around 3 at which the acceleration reaches the maximum value. To obtain the optimal parameters for a maximum acceleration, the follow equation must be satisfied
(a) (b) Figure 9 . Acceleration versus parameters γ and λ: (a) with different λ; (b) with different γ.
Prototype Experiment and Results
Resistance and Inductance Test
The model and prototype of the square coil used in the proposed planar motor is shown in Figure 10 . The actual sizes of coil and the conductor gauge is given in Table 1 . 
Prototype Experiment and Results
Resistance and Inductance Test
The model and prototype of the square coil used in the proposed planar motor is shown in Figure 10 . The actual sizes of coil and the conductor gauge is given in Table 1 . The resistance calculation formula for the square coil is
where ρ is the resistivity. Based on Equation (31), the analytical value of the resistance is 2.427 Ω. The actual resistance test results for the four square coils are shown in Table 2 . The estimated value of resistance agrees well with the actual values. The error between them is less than 3.5%. The main reason for the error is that the actual shape of the square coil is slightly different from the one calculated in the model. The inductance calculation model for the square coil is shown in Figure 11 . First, according to the Biot-Savart Law, the magnetic field from one square conductor can be obtained. Then, we can get the magnetic field generated by one square coil with current. Second, the magnetic flux for a single-turn square coil can be calculated with double integral of the magnetic field within the xoy coordinate system. Finally, the total magnetic flux for the square coil with N turns can be calculated using the superposition principle. The inductance calculation formula for the square coil is Based on Equation (32), the analytical value of the inductance is 4.216 mH. The actual inductance test results for the four square coils are shown in Table 3 . Based on Equation (32), the analytical value of the inductance is 4.216 mH. The actual inductance test results for the four square coils are shown in Table 3 . The inductance error between the actual values and the estimated values is about 8%. Although the inductance error is larger compared to the resistance error, it can provide the theoretical basis for the motor design and be beneficial to the parametric modeling due to the analytical expressions.
Motor Force Test
To verify the model and to test the force characteristic of the proposed planar motor, a prototype motor was manufactured. The prototype parameters are given in Table 4 . Figure 12 shows the planar motor force experimental system. Figure 11 . Inductance calculation model for the square coil.
Based on Equation (32), the analytical value of the inductance is 4.216 mH. The actual inductance test results for the four square coils are shown in Table 3 . The inductance error between the actual values and the estimated values is about 8%. Although the inductance error is larger compared to the resistance error, it can provide the theoretical basis for the motor design and be beneficial to the parametric modeling due to the analytical expressions.
To verify the model and to test the force characteristic of the proposed planar motor, a prototype motor was manufactured. The prototype parameters are given in Table 4 . Figure 12 shows the planar motor force experimental system. Figure 13 shows the force characteristics versus current. Both of the forces in the x and y directions increase linearly with the increase of the current. The measured forces agree well with the analytical model. Under the rated current I = 1.8 A, the measured forces in the x and y directions are 52.3 N and 52.9 N, respectively. The corresponding force coefficients are 29.06 N/A and 29.39 N/A, respectively. The force coefficient difference due to the directions is only 1.1%. Therefore, the force characteristics of the proposed planar motor reflect a good symmetry in the x and y directions. Figure 13 shows the force characteristics versus current. Both of the forces in the x and y directions increase linearly with the increase of the current. The measured forces agree well with the analytical model. Under the rated current I = 1.8 A, the measured forces in the x and y directions are 52.3 N and 52.9 N, respectively. The corresponding force coefficients are 29.06 N/A and 29.39 N/A, respectively. The force coefficient difference due to the directions is only 1.1%. Therefore, the force characteristics of the proposed planar motor reflect a good symmetry in the x and y directions. 
Conclusions
In this study, a short-stroke Lorentz-force-driven planar motor was researched. We analyzed the working principle and built the analytical model of the planar motor based on the equivalent magnetic charge and image method. Then, the analytical force expression of the planar motor was derived. Additionally, the design optimization according to different design emphasis were conducted. Based on the derived expressions of the force, force density, and acceleration, the corresponding characteristics curves versus two main parameters were obtained. According to the results, some optimization references for this type of planar motor can be drawn as follows:
1. Based on a certain height and pole pitch for the planar motor, the force reaches its maximum value when the ratio between the permanent thickness and the total air-gap length is around 0.5 (i.e., γ = 0.5). 2. The force density first increases and then decreases with the increase of parameter γ when parameter λ is constant, but the acceleration will gradually decrease. On the contrary, the acceleration first increases and then decreases with the increase of parameter λ when parameter γ is constant, but the force density will gradually increase. Therefore, the reasonable value range for the parameter γ is between 0.4 and 0.6 to balance the force, the force density, and the acceleration. A larger value of parameter γ will cause the decrease of force density and acceleration, but a smaller value of parameter γ will cause the decrease of force.
Finally, a prototype of the planar motor was manufactured and tested. The electric parameters and the forces both in the x and y directions were obtained. The experimental results showed good agreement with the analytical model. Further research will focus on the temperature rise inhibition, dynamic performance analysis, and lightweight design. 
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Based on a certain height and pole pitch for the planar motor, the force reaches its maximum value when the ratio between the permanent thickness and the total air-gap length is around 0.5 (i.e., γ = 0.5).
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